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Abstract 
The study of Ni-Fe-Se hydrogenases is interesting from the basic research point of 
view because their active site is a clear example of how nature regulates the catalytic function 
of an enzyme by the change of a single residue, in this case a cysteine that is replaced by a 
selenocysteine. Most hydrogenases are inhibited by carbon monoxide and oxygen. In this 
work we study these inhibition processes for the Ni-Fe-Se hydrogenase from Desulfovibrio 
vulgaris Hildenborough by combining catalytic activity measurements, followed by mass 
spectrometry or chronoamperometry, with FTIR spectroscopy experiments. The results show 
that the CO inhibitor binds to Ni in both conformations of the active site of this hydrogenase 
in a similar way as to standard Ni-Fe hydrogenases, although in one of the CO-inhibited 
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conformations the active site of the Ni-Fe-Se hydrogenase is more protected against the attack 
by O2. The inhibition of the Ni-Fe-Se hydrogenase activity by O2 could be explained by 
oxidation of the terminal cysteine ligand of the active site Ni, instead of the direct attack of O2 
to the bridging site between Ni and Fe. 
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Introduction 
Hydrogenases are enzymes that catalyze the reversible oxidation of H2 to protons. In 
the vast majority of hydrogenases the active site is formed by a bimetallic complex of Ni-Fe 
or Fe-Fe coordinated by thiolate groups and by CO and CN
-
 ligands, which is a very unusual 
coordination in biological systems. In most Ni-Fe hydrogenases the nickel atom is 
coordinated by the side chains of four cysteine amino acids, two of them in a terminal 
position and the other two forming bridges with the Fe atom of the active site [1]. However, 
in some Ni-Fe hydrogenases one of the cysteines is replaced by a selenocysteine, as X-ray 
diffraction [2], EPR [3, 4] and XAS [5] studies have shown. The interesting aspect of these 
Ni-Fe-Se hydrogenases is that, although the chemical properties of Se and S are similar, the 
change of coordination of one cysteine by a selenocysteine does modify considerably the 
catalytic and spectroscopic features of the active site: a) Ni-Fe-Se hydrogenases have higher 
H2-production activity than H2-oxidation activity, contrary to most Ni-Fe hydrogenases; b)  
Ni-Fe-Se hydrogenases become active immediately upon reduction, whereas most of Ni-Fe 
hydrogenases (as isolated under aerobic conditions) require a slow reductive activation 
process; c) the oxidized states of Ni-Fe-Se hydrogenases are EPR-silent, whereas standard Ni-
Fe hydrogenases have EPR features assigned to paramagnetic Ni
3+
; d) Ni-Fe-Se hydrogenases 
catalyze faster the double isotope exchange of D2 with protons than the single one, contrary to 
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standard Ni-Fe hydrogenases [5-8]. These notable catalytic properties may explain why the 
Ni-Fe-Se hydrogenase is expressed preferentially over the other hydrogenases (Ni-Fe and Fe-
Fe) in the sulphate reducing bacterium Desulfovibrio vulgaris when selenium is available in 
the medium [9].  
The study of Ni-Fe-Se hydrogenases is attractive because their active site is a clear 
example of how nature regulates the catalytic function of an enzyme by the change of one 
amino acid coordinating the active site. In addition, their comparative study with standard Ni-
Fe hydrogenases is very helpful for research in synthesis of biomimetic organometallic 
complexes with selenoate/thiolate ligands [10, 11]. Moreover, Ni-Fe-Se hydrogenases 
immobilized on electrodes or on nanoparticles have interesting applications as biocatalysts for 
H2-production [12, 13]. 
In a previous work we characterized by FTIR-spectroelectrochemistry the different 
redox states of the active site of the Ni-Fe-Se hydrogenase from D. vulgaris Hildenborough 
[14]. FTIR spectroscopy is a powerful tool for studying the hydrogenases’ active sites because 
the CO and CN
-
 ligands coordinated to Fe give intense bands, whose frequency values are 
highly sensitive to changes in the electronic structure of the active site [15, 16]. In the case of 
D. vulgaris Hildenborough Ni-Fe-Se hydrogenase, two conformations of the active site were 
detected by FTIR for each redox state, and each conformation had a set of one CO band and 
two CN
-
 bands. Furthermore, two different EPR-silent and air-stable redox states that are not 
in equilibrium were identified. One of these states corresponded to the as isolated enzyme 
upon aerobic purification (Ni-IS), whereas the other corresponded to reoxidized enzyme after 
reduction with H2 or other reductants (Ni-OX). Upon reduction of these states the catalytically 
active states Ni-R and Ni-C appear immediately. These latter states are in redox equilibrium 
and their formal redox potential has been measured [14].  
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Most hydrogenases are inhibited by carbon monoxide and oxygen, although these 
processes are in many cases reversible [17-19]. It has been shown by different techniques, 
such as X-ray diffraction [1, 20-22], EPR [23], ENDOR [24] and FTIR [25-27], that 
inactivation of Ni-Fe and Fe-Fe hydrogenases is caused by binding of an extrinsic CO or an 
oxygen species to a vacant coordination site of the active centre. In the present work we study 
these inhibition processes for the Ni-Fe-Se hydrogenase from D. vulgaris Hildenborough by a 
combination of catalytic activity measurements, followed by mass spectrometry or 
chronomperometry, with FTIR spectroscopy experiments. The results are compared with 
those of standard Ni-Fe hydrogenases. 
 
Materials and methods 
 
Enzyme preparation 
D. vulgaris Hildenborough Ni-Fe-Se hydrogenase was purified and biochemically 
characterized as described by Valente et al. [28]. Enzyme solutions contained 50 mM Tris 
buffer, pH 7.6, 100 mM NaCl and 0.2 % 3-(N-dodecyl-N,N-dimethylammonio)-1-
propanesulfonate (Fluka). The presence of the zwitterionic detergent is necessary for 
solubility and for preserving this membrane hydrogenase in its fully active conformation [28]. 
The protein samples were concentrated by ultrafiltration in Microcon (Amicon) with a 
centrifuge (Eppendorf 5424) prior to FTIR measurements. 
 
H
+
/D
+
 exchange activity measurements 
These activity experiments were run in a thermostated (30ºC) anaerobic vessel 
connected through a 14 μm Teflon membrane to a mass spectrometer (Pfeiffer Prisma). 10 ml 
of phosphate buffer 20 mM, pH 7.0 were saturated in the vessel with a gas mixture of 20% D2 
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and 80% Ar (Air Liquide). Then, 1 μl of 1 M sodium dithionite was added to eliminate 
residual oxygen. Finally, an aliquot of the hydrogenase sample was added while masses 2, 3, 
4, 28 and 32 were monitored. The output signal of the spectrometer for each mass value is 
proportional to the partial pressure of the corresponding gas in the reaction vessel [8].    
 
FTIR measurements 
The infrared spectra were recorded in a Nicolet 860 Fourier-transform spectrometer, 
equipped with a MCT detector and a purge gas system (Whatman Inc.) for removal of CO2 
and H2O. A gas-tight transmission cell with CaF2 windows and 82 μm path length was used 
for measurements. When required, air atmosphere from the hydrogenase samples in 1 ml vials 
with rubber septa was replaced by Ar (Air Liquide) and 0.2 mM sodium dithionite (Merck) 
was added to remove traces of O2 and to facilitate activation of the enzyme under 1 atm of H2 
at room temperature during 10 minutes. Subsequently, H2 was replaced by purging the vial 
with CO (Air Liquide) or 
13
CO (Aldrich) through the rubber septum. After 10 minutes, 25 μl 
of the hydrogenase solution were transferred to the FTIR cell using a gas-tight syringe. The 
FTIR spectra were averaged from 1024 scans and the spectral resolution was 2 cm
-1
. The 
spectra were blank-subtracted and baseline corrected using OMNIC software from Nicolet.  
 
Electrochemical measurements 
Gold disk electrodes of 0.5 cm diameter (Pine Instruments) were treated and modified 
with covalently bound D. vulgaris Hildenborough Ni-Fe-Se hydrogenase as described by 
Rüdiger et al [29]. Chronoamperometry experiments were performed with an Autolab 
PGSTAT30 or a -Autolab III electrochemical analyzer controlled by GPES software (Eco 
Chemie). Experiments were run in a three-electrode glass cell with a saturated calomel 
reference electrode (SCE) separated from the main compartment in a sidearm connected by a 
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Luggin capillary. The cell temperature was controlled by a water jacket. A platinum wire was 
used as a counter-electrode. This set up keeps the reference electrode at room temperature, so 
the potentials can be converted to Standard Hydrogen Electrode (SHE) by using the 
correction factor ESHE = ESCE + 0.241 V. All redox potentials mentioned in the text and 
figures are vs. SHE. The gold working electrode was connected to a MSR electrode rotator 
from Pine Instruments at 2500 rpm. The electrochemical cell was inside an MBraun glovebox 
with oxygen content inferior to 1 ppm, and the gases used (H2 and N2 from Air Liquide) were 
flushed through an oxygen filter (Varian) before entering the electrochemical cell. The 
electrolyte solution was of 0.1 M, pH 6.0 phosphate buffer with 0.2% N-Dodecyl-N,N-
dimethylammonio-1-propanesulfonate. 5 mM glucose 1 µM glucose oxidase and 1.9 mM 
catalase were added to the solution for scavenging residual O2, except for the experiment in 
which O2 was added.  
 
Results 
 
Inhibition of D. vulgaris Hildenborough Ni-Fe-Se hydrogenase by carbon monoxide 
The inhibition effect of CO on the hydrogenase catalytic activity is shown in the 
D
+
/H
+
 isotope exchange measurement of Fig. 1. First, an increase of the mass 4 signal was 
detected due to bubbling of D2 into the reaction cell. The cell lid was closed once the cell was 
saturated with 20% D2 and the mass 4 signal started to decrease due to consumption of D2 in 
the cell as it diffuses through the Teflon membrane towards the mass spectrometer, which is 
under high vacuum. Then sodium dithionite and hydrogenase were added subsequently 
through a rubber septum with gas-tight syringes. Immediately after the addition of 
hydrogenase, H2 and HD production were detected and the slope of D2-consumption 
increased due to the D
+
/H
+
 exchange activity of the enzyme. As expected for a Ni-Fe-Se 
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hydrogenase, the rate of double exchange product (H2) formation was higher than that of the 
single exchange  product (HD) [8, 30].  When 10 μM CO was injected into the cell, a small 
increase of the mass 28 signal was detected and almost concomitantly the production of HD 
and H2 stopped. This drastic inhibition of hydrogenase activity is in agreement with the very 
low KI,CO (inhibition constant by CO) measured for several Ni-Fe-Se hydrogenases [30]. 
Fig. 1 
FTIR measurements were done in order to confirm that inhibition by CO was due to 
its binding to the active site of the hydrogenase. First, the spectrum of the as isolated oxidized 
enzyme was measured, in which the CO and CN
-
 bands that correspond to the two 
conformations of the active site in the Ni-IS state are identified [14]. Then, the hydrogenase 
sample was activated under 1 atm H2 (and in the presence of 0.2 mM sodium dithionite) and 
after 10 minutes the H2 was replaced by CO or 
13
CO. The spectra corresponding to 
hydrogenase inhibited by CO and 
13
CO are shown in Fig. 2b and Fig. 2c respectively. Only 
two bands (at 2052 and 2042 cm
-1
) are shifted in frequency upon isotopic labelling of the 
inhibitor. Moreover, the vibrational shifts were almost equal to the theoretical value (46 cm
-1
) 
expected for the change in the molecular mass of a CO oscillator upon isotopic substitution. 
Therefore, we can assume that these bands correspond to extrinsic CO bound to the active 
site, whereas the other bands that did not move upon isotopic substitution must correspond to 
the intrinsic CO and CN
-
 ligands of the active site in the inhibited state (Ni-CO). Moreover, 
the fact that the bands of intrinsic and extrinsic CO ligands are not vibrationally coupled 
suggests that the later are binding to the Ni rather than the Fe in the active site, to which the 
intrinsic CO is coordinated. 
Fig. 2 
A band at 1938 cm
-1
 appears in the spectrum of hydrogenase inhibited by 
13
CO that is 
not present in the one corresponding to Ni-CO. Most probably this band is due to the intrinsic 
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CO band of hydrogenase reoxidized by oxygen (Ni-OX) [14], as some air may have entered 
into the sample during replacement of H2 by 
13
CO due to the lower volume of the isotope-
labelled inhibitor available for the experiment. When the as-isolated oxidized enzyme was 
incubated directly with carbon monoxide, without prior reduction by H2 and sodium 
dithionite, no change was observed in the spectrum of Ni-IS (Fig. 2a). Therefore, extrinsic CO 
can only bind to the active site after its reduction. As indicated above, two different extrinsic 
CO bands are observed in the Ni-CO spectrum. This may be due to binding of one extrinsic 
CO to each of the two conformations of the active site, or alternatively to the binding of two 
or more extrinsic CO to one of the conformers. In order to check this, we repeated the FTIR 
measurements with a hydrogenase sample in which one of the conformations of the active 
site, named as isoform I, was clearly predominant [14].  In this case, only one of the bands 
due to extrinsic CO was clearly detected above noise level (Fig. 3), and therefore we can 
conclude that one extrinsic CO molecule binds to each of the active site conformations of the 
Ni-Fe-Se hydrogenase leading to Ni-COI and Ni-COII. Table 1 summarizes the assignments of 
the vibrational bands observed in the FTIR spectra of this work.  
Fig. 3  
Table 1 
When the CO-inhibited sample was gradually exposed to oxygen by opening the inlet 
ports of the gas-tight FTIR-cell the FTIR bands of the two Ni-CO states converted slowly to 
the Ni-OX states (Fig. 4). Therefore, oxygen removed extrinsic CO bound to the active site 
and concomitantly oxidized it. No intermediate state was detected in the process, which 
suggests that a putative active site state with bound extrinsic CO and an oxygen species is not 
stable. Besides, the spectra show that the Ni-COII state converted first to the Ni-OX state, 
whereas the Ni-COI state was more resistant to O2, only disappearing completely after the 
sample had been completely exposed to air. 
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Fig. 4 
 
Inhibition of D. vulgaris Hildenborough Ni-Fe-Se hydrogenase by oxygen 
It has generally been considered that Ni-Fe-Se hydrogenases are less sensitive to O2 
inhibition than standard Ni-Fe hydrogenases. However, a recent work has showed that the D. 
baculatum Ni-Fe-Se hydrogenase is also sensitive to O2 inhibition in its H2-oxidation activity, 
whereas it is considerably more O2-resistant in its H2-production activity [12]. We have 
checked the O2-sensitivity of  the D. vulgaris Ni-Fe-Se hydrogenase for the H
+
/D
+
 isotope 
exchange activity. This activity assay involves both heterolytic cleavage and formation of 
hydrogen molecules, but no exchange of electrons with a redox partner. In Fig. 5 we show an 
isotope exchange activity measurement done in the same conditions as that of Fig. 1, with the 
exception that sodium dithionite was added after the hydrogenase. The measurement showed 
that no H2 or HD production was measured until sodium dithionite addition. This result 
cannot be explained only by the need of eliminating residual O2 from the cell reaction because 
the 32 mass signal is almost the same before and after addition of sodium dithionite, and 
using glucose oxidase plus catalase and glucose for scavenging O2 instead of sodium 
dithionite did not allow the measuring of hydrogenase activity (not shown). These results 
indicate that the oxidized hydrogenase does not catalyze isotope exchange activity, and that it 
only becomes catalytically active after reduction. Fig. 5 also shows that the addition of 10 μM 
O2 to the reaction cell completely suppressed the isotope exchange activity. Therefore, we 
may conclude that Ni-Fe-Se hydrogenases are as sensitive to O2-inhibition in this assay as has 
been shown by others for the H2-oxidation activity [12]. 
Fig. 5 
For a more detailed understanding of the O2-sensitivity of the D. vulgaris Ni-Fe-Se 
hydrogenase we have also performed an electrochemical study similar to that reported by 
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Armstrong et al. for the D. baculatum Ni-Fe-Se hydrogenase. We measured the H2-production 
and H2-oxidation of D. vulgaris Ni-Fe-Se hydrogenase by chronoamperometry after its 
covalent attachment to a gold electrode modified with 4-aminothiophenol (Fig. 6). In this type 
of experiment the redox state of the enzyme confined to the electrode surface is controlled by 
the applied potential, and the current intensity measured at each moment is proportional to the 
overall enzymatic activity, which may be limited by mass transfer of the substrate, 
intramolecular enzyme kinetics or interfacial electron transfer between enzyme and electrode 
[31, 32]. For measuring H2-oxidation activity of the immobilized hydrogenase a potential step 
of -0.25 V was applied and immediately a stable oxidation current is measured in the presence 
of 1 atm H2. Upon change of the applied redox potential to -0.45 V and replacement of H2 by 
N2, a negative current due to reduction of protons to H2 catalyzed by the hydrogenase is 
detected at the electrode. The current of proton reduction to H2 reaches a plateau after 6 
minutes approximately because the catalytic activity of H2-production of hydrogenases is 
inhibited by the product [31], and it takes that time to change the atmosphere of the 
electrochemical cell to N2. The generated catalytic current due to H2-production was much 
larger than that from H2-oxidation, in agreement with the catalytic properties of D. vulgaris 
Ni-Fe-Se hydrogenase in solution [28]. A subsequent potential step to 0.14 V led to 
background level of current intensity, as hydrogenases cannot reduce protons at such high 
redox potential [31]. If 15 μM O2 is added into the cell by injecting a small volume of buffer 
saturated in this gas during this potential step, then the hydrogenase becomes inhibited and 
there is seldom an increase of the oxidation current when the atmosphere was changed back to 
1 atm H2 (solid line of Fig. 6). In a control experiment without adding O2 (dashed line of Fig. 
6) a high oxidation current is measured under 1 atm H2 and 0.14 V applied potential due to 
the H2-uptake activity. These results indicate that the H2-uptake activity of D. vulgaris Ni-Fe-
Se hydrogenase is as sensitive to O2-inhibition as that from D. baculatum [12]. In contrast, the 
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control experiment in the absence of O2 shows that the application of a high redox potential 
during approximately 10 minutes did not cause the anaerobic inactivation of the enzyme as 
observed for D. baculatum hydrogenase [12]. This result is in agreement with the previously 
reported spectroelectrochemical-FTIR characterization of  D. vulgaris Ni-Fe-Se hydrogenase, 
which showed that the inactive oxidized states of the active site could only be obtained in the 
presence of O2 [14]. The active site of the D. vulgaris Ni-Fe-Se hydrogenase remains in the 
active Ni-C state upon anaerobic oxidation [14].  
Fig. 6 
 
Discussion 
 It has been shown previously by FTIR [25-27] and X-ray diffraction [20, 21] that CO 
inhibition of Ni-Fe and Fe-Fe hydrogenases is caused by the coordination of an extrinsic CO 
ligand to the active site. We show for the first time that binding of CO to the active site of Ni-
Fe-Se hydrogenases occurs in a similar way as for standard Ni-Fe hydrogenases. In fact, the 
vibrational frequencies measured for the extrinsic CO bound to each active site isoform of D. 
vulgaris Ni-Fe-Se hydrogenase and their relative band intensities are very similar to those 
measured for CO-inhibited Ni-Fe hydrogenases [25-27]. Moreover, the fact that the intrinsic 
CO ligands are not vibrationally coupled with the extrinsic ligand clearly suggests that the 
later is coordinated to the Ni atom as in Ni-Fe hydrogenases [21]. The small shifts (5-15 cm
-1
) 
to lower frequencies of the extrinsic CO bands of the Ni-Fe-Se hydrogenase in comparison 
with those of standard Ni-Fe hydrogenases can be explained by the lower electronegativity of 
the Se atom relative to the S atom present in standard Ni-Fe hydrogenases, which should lead 
to an increase of the -donating effect from Se to the bimetallic complex and in consequence 
increase the electron density on the 2p* orbital of the extrinsic CO ligand [33]. In spite of 
this, coordination of the extrinsic CO to the active site must be quite weak, as the vibrational 
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frequencies are approximately 120 cm
-1
 higher than that of the intrinsic CO ligand. Taking 
into account all these observations we propose that the structure of the active site in the CO-
inhibited state for Ni-Fe-Se hydrogenases is that shown in Scheme 1a.  
We have observed in the present work that extrinsic CO does not bind to the active site 
when the enzyme is in the as isolated oxidized state (Ni-IS), although it is a Ni
2+
 redox state 
instead of the Ni
3+
 paramagnetic state detected in oxidized standard Ni-Fe hydrogenases [34]. 
This can be explained from the crystallographic data recently reported for D. vulgaris Ni-Fe-
Se hydrogenase in the Ni-IS state [35], in which an extra sulphur atom binds Ni and Se 
leading to a conformation of the selenocysteine that should prevent extrinsic CO binding the 
Ni atom (Scheme 1b).  
Scheme 1 
We cannot establish the structural differences between the two conformations of Ni-
CO detected by FTIR. However, the lower vibrational frequency of the extrinsic CO ligand of 
Ni-COII suggests a slightly stronger coordination to the Ni for isoform II. In spite of this, the 
Ni-COI isoform is more stable than the Ni-COII in presence of air, as shown in the results 
section. We may speculate that in the Ni-COII conformation the terminal cysteine ligand is 
more protected from oxidation by O2 than in the Ni-COI conformation, because it is well 
known that thiolate ligands of many Ni complexes [36] and cysteine side-chains of some 
proteins [37] react with O2 forming sulfenates or sulfinates, and a sulfinate group is present in 
the oxidized active site of this hydrogenase (Scheme 1). It has been recently shown with 
biomimetic compounds of hydrogenases that sulfenates can be easily deoxygenated 
electrochemically [38], although the same has not been reported for metal complexes with 
sulfinate ligands. Therefore, we cannot conclude at the present stage that the required 
reduction step for activating the Ni-Fe-Se hydrogenase corresponds to the reduction of the 
oxygenated cysteine ligand of the active site. Finally, the FTIR measurements suggest that 
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CO and O2 are not able to bind simultaneously to the active site, which is in agreement with 
kinetic studies of the inhibition by CO and O2 of Ni-Fe and Fe-Fe hydrogenases studied by 
protein film voltammetry [18, 19]. 
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Table 1 Vibrational frequencies of the FTIR bands of D. vulgaris Ni-Fe-Se hydrogenase at 
different redox states 
 Isoform I Isoform II 
Redox state b (CO)/ cm-1  (CN-)/ cm-1 b (CO)/ cm-1  (CN-)/ cm-1 
Ni-IS 1904 2076, 2085 1940 2079, 2094 
Ni-CO 1911, 2052
a 
2080, 2092 1933, 2042
a
  2081, 2094 
Ni-
13
CO 1911, 1995
a 
2080, 2092 1933, 2007
a
  2081, 2094 
Ni-OX 1938 2084, 2095 1944 2074, 2102 
   
a
 Extrinsic CO 
   
b
 CO bands detected at 1926 and 1921 cm
-1
 in several spectra remain to be assigned 
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Fig. 1. H
+
/D2 isotope exchange activity of D. vulgaris Ni-Fe-Se hydrogenase followed by 
mass spectrommetry. The phosphate buffer of the cell reactor was saturated with 20% D2/80% 
N2. The arrows indicate additions of 0.1 mM sodium dithionite, 0.2 μg hydrogenase and 10 
μM CO. 
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Fig. 2. FTIR spectra of 0.2 mM D. vulgaris Ni-Fe-Se hydrogenase as isolated aerobically (a), 
reduced under 1 atm H2 and then put under 1 atm CO (b) or under 1 atm 
13
CO (c). 
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Fig. 3. FTIR spectra of 0.08 mM D. vulgaris Ni-Fe-Se hydrogenase as isolated aerobically 
(a), reduced under 1 atm H2 and then put under 1 atm CO (b). 
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Fig. 4. FTIR spectra of 0.2 mM D. vulgaris Ni-Fe-Se hydrogenase inhibited by CO (a), and 
after the filling ports were open to air diffusion during 2 hours (b), 52 hours (c) and after 
completely exposed to air (d).  
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Fig. 5. H
+
/D2 isotope exchange activity of D. vulgaris Ni-Fe-Se hydrogenase followed by 
mass spectrometry. The phosphate buffer of the cell reactor was saturated with 20% D2/80% 
N2. The arrows indicate additions of 0.2 μg hydrogenase, 0.1 mM sodium dithionite and 10 
μM O2.  
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Fig. 6. Chronoamperommetry of a rotating gold electrode covalently modified with D. 
vulgaris Hildenborough Ni-Fe-Se hydrogenase under different atmospheres and potential 
steps. The solid line corresponds to the experiment in which 15 μM O2 was injected at time 
800 s, whereas the dashed line corresponds to the experiment in which only oxygen-free 
buffer was injected at that time. The temperature was 40ºC and electrode rotation was 2500 
rpm. 
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Scheme 1.  Proposed structures for the active site of D. vulgaris Ni-Fe-Se hydrogenase 
inhibited by CO (a) or by O2 (b). Structure a is based on the results of this work, whereas 
structure b is based on the X-ray crystallographic structure reported by Marques et al [35]. 
